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After nearly a century of use in numerous munition platforms, TNT and RDX contamination has turned up
largely in the environment due to ammunition manufacturing or as part of releases from low-order
detonations during training activities. Although the basic knowledge governing the environmental fate
of TNT and RDX are known, accurate predictions of TNT and RDX persistence in soil remain elusive,
particularly given the universal heterogeneity of pedomorphic soil types. In this work, we proposed a
new solution for modeling the sorption and persistence of these munition constituents as multivariate
mathematical functions correlating soil attribute data over a variety of taxonomically distinct soil types
to contaminant behavior, instead of a single constant or parameter of a speciﬁc absolute value. To test
this idea, we conducted experiments measuring the sorption of TNT and RDX on taxonomically different
soil types that were extensively physical and chemically characterized. Statistical decomposition of the
log-transformed, and auto-scaled soil characterization data using the dimension-reduction technique
PCA (principal component analysis) revealed a strong latent structure based in the multiple pairwise
correlations among the soil properties. TNT and RDX sorption partitioning coefﬁcients (KD-TNT and KD-RDX)
were regressed against this latent structure using partial least squares regression (PLSR), generating a 3-
factor, multivariate linear functions. Here, PLSR models predicted KD-TNT and KD-RDX values based on
attributes contributing to endogenous alkaline/calcareous and soil fertility criteria, respectively, exhibi-
ted among the different soil types: We hypothesized that the latent structure arising from the strong
covariance of full multivariate geochemical matrix describing taxonomically distinguished soil types may
provide the means for potentially predicting complex phenomena in soils. The development of predictive
multivariate models tuned to a local soil's taxonomic designation would have direct beneﬁt to military
range managers seeking to anticipate the environmental risks of training activities on impact sites.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
TNT (2,4,6-trinitrotoluene) and RDX (1,3,5-trinitro-1,3,5-
tricyclohexane) represent important innovations in terms of
enhanced stability and effectiveness of munition compounds. TNT
and RDX have been widely used for decades in a number of
different explosive formulations and in a variety of munitions.
However, insufﬁcient controls of munition supplies with respect toM.A. Chappell).
access article under the CC BY-NCmanufacture and training activities have led to documented re-
leases of these munition constituents into the environment (Binks
et al., 1995). For example, the most TNT- and RDX-contaminated
sites within the U.S. were found to be in areas surrounding army
ammunition plants where explosives have been manufactured for
nearly a century (Pugh, 1982; Spain et al., 2000, and references
therein). Clausen (2011) summarized the results of a 10-year
investigation at over 30 military training installations. The soil
detections of TNT and RDX largely occurred within impact areas for
artillery and mortar, anti-tank, riﬂe-grenade, impact areas
compared to their corresponding ﬁring points. Among the different
impact areas, TNT was detected in 82% of soil samples collected-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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while 60% of soil samples at the other impact areas contained TNT
at soil concentrations ranging from 0.4 to 22 mg L1. Where
detected in the impact areas, degradation products for TNT (2ADNT,
4ADNT) ranged from 0.6 to 16% of total TNT in soil, alluding to the
wide variance in the environmental persistence of this compound
in soils. Open burn/Open detonation areas showed the greatest soil
concentration of RDX, detected in 70% of soil samples at a mean
concentration of 0.16 mg kg1 while RDX was detected in 43% of
samples at an overall mean of 4 mg kg1. Assuming that Compo-
sition B (60:40 RDX/TNT) represents the major munition formula-
tion used at these sites, then soil TNT should represent 30e40% of
the total munition constituents detected. In reality, experimental
results show that the %TNT ranges from 45 to 64% of total munition
constituents. Where octol (70:30 HMX/TNT) was predominantly
used, such as on anti-tank impact areas, total munition constituents
in soils contained only 1% TNT. The soils in open burn/open deto-
nation area, where C-4 (containing 91% RDX) was predominantly
used, contained only 19% RDX.
The above discussion is important when considering the overall
environmental persistence of these compounds. Over the years, the
Army has conducted numerous empirical investigations into the
speciﬁc mechanisms governing TNT and RDX interactions with
natural soil materials. TNT has been shown to preferably partition
to humiﬁed organic matter phases in soils and sediments (Eriksson
et al., 2004; Eriksson and Skyllberg, 2001; Hundal et al., 1997;
Pennington et al., 1995, 2011; Thorn and Kennedy, 2002; Thorn
et al., 2002) but also exhibits limited preference for sorption to
soil clays (Brannon and Pennington, 2002; Hundal et al., 1997;
Pelmenschikov and Leszczynski, 1999; Pennington and Patrick,
1990; Price et al., 2000). Similar to TNT, soils generally show a
low sorption afﬁnity for RDX (Ainsworth, 1993; Brannon and
Pennington, 2002; Myers et al., 1998; Price et al., 2001;
Sheremata et al., 2001; Singh et al., 1998; Yamamato et al., 2004).
Historically, it has been difﬁcult to predict the extent of RDX
sorption on soil in spite of the apparent importance of organic
carbon and ﬁne soil particles (Chappell, 2011; Larson et al., 2008).
RDX generally shows a greater resistance against degradation in
soil suspensions than TNT, showing minimal degradation potential
under aerobic soil conditions, but requiring prolonged periods of
anaerobic soil conditions (Larson et al., 2008; Price et al., 2001;
Shen et al., 2000).
In the above, reported KD-TNT and KD-RDX values varied by about 4
orders of magnitude, from 101e103 L kg1 (Brannon and
Pennington, 2002; references therein; Haderlein et al., 1996)
among soils and soil constituents (e.g., clay). These levels of vari-
ation in different environmental fate parameters are commonly
attributed to differences in soil chemical and physical properties. In
fact, researchers regularly cede that the nearly universal chemical
and physical heterogeneity of soils represents one of the most
important and enduring obstacles to accurate predictions of the
environmental fate of most contaminants. For these reasons, KD
values are used more as aggregate parameters intended to capture
inherent behavior of a soil through unknown but assumed multi-
variate combinations of soil characteristics. Attempts are made to
correlate these aggregate parameters to soil characteristics (or even
soil type) often by interpolating simpliﬁed univariate relationships
between single soil characteristics, such as soil organic matter or
cation exchange capacity (Brannon and Pennington, 2002; refer-
ences therein; Chappell, 2011; Chappell et al., 2011; Haderlein et al.,
1996; Mackay, 2001; Pennington and Patrick, 1990; Yamamato
et al., 2004). However, the utility of this approach is ultimately
limiting because it ignores the fact that soils exist as “formulated”
materials with heterogeneous, polydisperse mixtures of mineral
and organic components. Given this view, a univariate predictionmodel is only statistically appropriate when no other signiﬁcant
collinear soil property attributes can be observed. The scientiﬁc
literature alludes to potentially strong relationships between soil
type (representing an aggregate combination of soil properties) and
various soil behaviors, such as soil microbial communities distri-
butions (Cong et al., 2015; Fierer et al., 2003; Singh et al., 2007),
agricultural fertility, (Jankauskas and Fullen, 2002; Sanchez et al.,
1982; references therein; St. Arnaud et al., 1988), and contami-
nant geochemistry (Ansari et al., 2000; Baize and Sterckeman,
2001; Ballesta et al., 2010; Spurgeon et al., 2008). Our previous
work has shown ordination-based methods to be particularly
useful for comprehending different soil and environmental samples
characterized with containing large physical and chemical attribute
matrices (Bridges et al., 2015; Cao et al., 2011; Chappell et al., 2013a,
2013b, 2015; Mathangwane et al., 2008; Perkey et al., 2015).
Here, we focus on more rigorous and explicit application of
ordination-based methods to draw out the latent structure among
soil property attributes associated with different soil types, and
develop multivariate prediction models for TNT and RDX sorption
behavior. The development of predictivemultivariatemodels tuned
to a local soil's taxonomic designation would have direct beneﬁt to
military range managers seeking to anticipate the environmental
risks of training activities on impact sites.
2. Materials and methods
2.1. Soil selection and characterization
Seven soils were collected from various locations in the United
States with the intention of obtaining a range of soil types with
corresponding variation in their inherent fertility characteristics
(See Fig. S1). A Catlin soil (Fine-silty, mixed, superactive, mesic,
Oxyaquic Argiudolls) was collected fromChampaign, Il; a Falaya soil
(Coarse-silty, mixed, active, thermic, Aeric Fluvaquents) was
collected near Vicksburg, MS; a Playas-Saltair soil (Fine-silty,
mixed, mesic Typic Salorthids) was collected at the Bonneville Salt
Flats in Tooele County, UT; a Ruston soil (Fine-loamy, siliceous,
semiactive, thermic Typic Paleudults) was collected from Ft. Polk,
LA; a Skumpah soil (Mixed, mesic Typic, Torripsamments) was
collected near the Bonneville Salt Flats in Tooele County, UT; a
Smithdale soil (Fine-loamy, siliceous, subactive, thermic Typic
Hapludults) was collected from Camp Shelby, MS; and a Sunev soil
(Fine-loamy, carbonatic, thermic Udic Calciustolls) was collected at
Cameron, TX. Prior to collection, the soils were not exposed to
munitions, yet many were collected from areas adjacent to military
training sites. Surface soil samples were taken to a depth of
20e60 cm and composited on site. The collected soils were air-
dried, ground, and sieved to pass through a 2-mm sieve and
stored at room temperature. All soils were collected and used in
experiments within one calendar year. The soils were thoroughly
characterized using the methods outlined in Table S1, emphasizing
characterizations important to determining the fertility of soils. We
assumed that the inherent soil fertility would ultimately be
important for understanding the full environmental persistence of
these compounds.
2.2. Sorption isotherms
To determine MC sorption to soils, 2.3 g of soil were added to
Teﬂon centrifuge tubes (30 mL) containing 30 mL of 5 mM CaCl2
background solution. The tubes were then recapped, and shaken for
24 h to fully rehydrate the soil. Afterwards, the suspensions were
spiked with initial concentrations of 0e40 mg TNT L1 or 0e30 mg
RDX L1, recapped, and shaken again for 24 h. After shaking, the
suspensions were centrifuged and the supernatant pH was
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analyzed for concentration of dissolved TNT and RDX by EPA
Method 8330B on a HP1100 Series LC/MSD system high-pressure
liquid chromatography (HPLC) system (Hewlett Packard Company,
Palo Alto, CA, USA). Sorption distribution coefﬁcients, KD-TNT and
KD-RDX, were calculated from a simple linear sorption model
(KD ¼ sorbed MC/solution MC).
The geochemical characterization data was modeled using
dimension-reduction techniques principal component analysis
(PCA). The characterization data was log-transformed to induce a
more normal distribution of the soil attributes (Legendre and
Legendre, 2012), auto-scaled by mean-centering (around zero)
and normalized by the standard deviation, and then decomposed
using the NIPALS algorithm (Esbensen, 2010, and references
therein) because of the presence of missing data from analytical
non-detects reported in the characterization data. PCA modeling
was simultaneously validated using a full cross-validation (orFig. 1. X loading plots showing the distribution of samples in reduced space in PC 1e3 (re
analysis of the soil characterization data. Here, loadings are represented in cubic form by m
the y-axis (Factor 3), while (C) represents a 90 rotation along the x-axis.leave-one-out validation) technique to avoid overﬁtting the data
variance. The cross-validation step was particularly important
given the low sample size (e.g., degrees of freedom) available for
this study as an important diagnostic for verifying the statistical
validity of the calculation.
Correlations between soil geochemical characterization data
and sorption coefﬁcients and were explored using multivariate
Partial Least Squares Regression (PLSR) (Rigol et al., 2008). Auto-
scaled soil geochemical data and KD-TNT and KD-RDX values were
decomposed using the NIPALS algorithm, and regressed against the
response attributes (y-variables). PLSR modeling was similarly
cross-validated to avoid overﬁtting the data variance, and opti-
mized by minimizing the root mean square error (RMSE) of the
regression. When possible, useless or unreliable x-variables
removed using uncertainty estimates of regression coefﬁcients (via
jack-kniﬁng estimates) and Martens stability test (Martens and
Næs, 1989) to create the ﬁnal reduced-parameter model.presenting 83% of the explained variance in the data) from the principal component
entally rotating the principal axes. Starting from (B), (A) represents a 90 rotation along
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3.1. Summary soil descriptions
A detailed assessment is given in the Supporting Information
section. Fertility information is given in Tables S2eS4. In general,
the Catlin and Sunev Mollisols were at circumneutral pH, con-
taining the highest levels of important macronutrients (NPK) and
cation-exchange capacities (CEC). The Ruston and Smithdale Ulti-
sols and Falaya ﬂoodplain Entisols were the most acid and
possessed the lowest macronutrient levels, and lowest CEC values
e properties typical of soils from the Southeastern U.S. The Playas-
Saltair and Skumpah soils were high pH, possessing intermediate
CEC values with high accumulations of base-saturating cations.Fig. 2. Score plots showing the distribution of samples in reduced space in PC 1e3 (represen
the soil characterization data. Here, loadings are represented in cubic form by mentally rota
(Factor 3), while (C) represents a 90 rotation along the x-axis.These soils were also shown to be very high in CaCO3 content,
exceeding levels found in the other soils by at least one order of
magnitude. Based on the saturated extract data, the Skumpah and
Playas-Saltair soils were categorized as sodic (EC < 4 mmhos cm1;
SAR > 0.15) and saline-sodic (EC > 4 mmhos cm1; SAR >0.15),
respectively (Tisdale et al., 1993, and references therein). These two
soils were expected to be the least fertile due to their high sodium
and salt content, yet the highly alkaline conditions favorable for the
abiotic degradation of TNT.
PCA results gaveamodelwhereapprox. 92%of thevarianceof the
data was explained by 5 principal components (PCs, see Fig. S2).
Loading plots, where the different soil attributes were “mapped” for
the ﬁrst 3 PCs (Fig. 1), showed soil attributes associated with what
could be termed as an endogenous attribute apparent in the latentting 83% of the explained variance in the data) from the principal component analysis of
ting the principal axes. Starting from (B), (A) represents a 90 rotation along the y-axis
Fig. 3. Sorption isotherms for (A) TNT and (B) RDX on the different soils used in this
study.
C.K. Katseanes et al. / Journal of Environmental Management 182 (2016) 101e110 105structure associated with alkaline or calcium carbonate soils. Thus,
soil attributes such as %CaCO3, soluble salts, Na, and K, were highly
correlatedwith each other. Attributes associatedwithwhat could be
termed as an endogenous description of ion exchange properties
such as CEC, PBCN, PBCKwere also highly correlated. The importance
of the endogenous soil texture attribute presented in the latent
structure of the data seemed clear fromthe fact that %clayand%sand
variables were anti-correlated (i.e., direction of loading vectors
differed by180). Furthermore, the Fe andMnvariables, presumably
related to endogenous descriptions of soil metal oxides, were
notably anti-correlated with the endogenous alkalinity attribute.
Overall, the correlations among variables seemed intuitively sensi-
ble, attesting to the ability of the PCAmodel to accurately represent
the interaction of the different soil properties.
Naturally, the magnitude and direction of score vectors (repre-
senting the samples) supported these conclusions, which wereTable 1
Sorption parameters obtained by ﬁtting TNT sorption isotherm data (Fig. 4) for the diffe
Soil Slope (KD-TNT, L kg1) aKOC-TNT r
Catlin 5.59 þ 0.40 2.07 0
Falaya 3.06 þ 0.17 1.80 0
Playas-Saltair 67.10 þ 3.21 95.86 0
Ruston 0.37 þ 0.05 0.46 0
Skumpah 21.67 þ 1.10 18.06 0
Smithdale 0.76 þ 0.07 0.54 0
Sunev 13.98 þ 1.14 3.25 0
a KOCi ¼ KDi/%OM.mapped out in Fig. 2. Overlaying the score and loading vector maps
showed that the Bonneville Salt Flats soils (Playas-Saltair and
Skumpah) correlated with the implied alkaline/calcic endogenous
attribute; the fertile Mollisol (Sunev and Catlin) soils were corre-
lated with the ion exchange and nutrient variables; and the Entisol,
Falaya and the Ultisol soils (Smithdale, Ruston) were correlated
with %sand, Cu, Fe, and Mn. Thus, the PCA model proved particu-
larly useful for comprehensively assessing the similarities of the
different soil types.3.2. MC sorption
TNT and RDX sorption isotherms (Fig. 3) were highly linear.
Calculated KD-TNT values (Table 1) were particularly high for the
alkaline Playas-Saltair (67 L kg1) and Skumpah (22 L kg1) soils.
These unusually high KD values pointed to the possibility of abiotic
degradation of TNT during the experiment. However, extractions to
quantify abiotic TNT degradation were inconclusive given that we
observed precipitate formation in the acetonitrile solution for the
Bonneville Salt Flats soils. Calculated KD-TNT values for calcareous
Sunev (14 L kg1), Catlin (6 L kg1), and Falaya (3 L kg1) soils were
nearly one order of magnitude lower than the Bonneville Salt Flats
soils, with the Ultisol soils, Ruston (0.4 L kg1) and Smithdale
(0.8 L kg1) showed the lowest TNT sorption. For RDX, highest
calculated KD-RDX values occurred for the Catlin and Skumpah soils.
The coarser Ultisols showed the lowest sorption afﬁnity for RDX.3.3. Multivariate correlation of TNT and RDX sorption to soil
properties
Pairwise correlation analysis, describing the bivariate variance
between attributes (Legendre and Legendre, 2012) showed that KD-
TNT correlated well with many of the soil properties, including ion
exchange-related properties PBCP (r2 ¼ 0.6827), soluble salts
(r2 ¼ 0.5667), K (r2 ¼ 0.8612), Ca (r2 ¼ 0.618), B (r2 ¼ 0.7037), %
CaCO3 (r2 ¼ 0.5248). Pairwise correlations were also observed be-
tween KD-RDX and PBCNH4 (r2 ¼ 0.7798), PBCK (r2 ¼ 0.6261), pH
(r2¼ 0.5328), CEC (r2¼ 0.8705), and %clay (r2¼ 0.7146). Both KD-TNT
and KD-RDX poorly correlated with %OM (r2 ¼ 0.006 and 0.344,
respectively). Thus, the pairwise correlation analysis points to a
strong latent structure connecting sorption KD values to the soil
attributes.
Partial least squares regression (PLSR) analysis was used to
determine whichmultivariate linear combinations of soil attributes
(representing the independent variables) correlated with the
calculated sorption coefﬁcients (representing the dependent y
variable). A three-factor PLSR model (see Fig. S3) was selected
explaining 98% of the variance in the y-data. In particular, Factor 1
explained 89% of the variance in the data, representing the most
important factor in the model, while Factors 2-3 added a smaller
reﬁnement, explaining the remaining 7% and 2% of the variance,
respectively.rent soils to a linear sorption model.
2 Slope (KD-RDX, L kg1) KOC-RDX r2
.915 1.34 ± 0.06 0.50 0.975
.947 0.39 ± 0.05 0.23 0.776
.961 0.48 ± 0.07 0.69 0.731
.740 0.11 ± 0.04 0.14 0.361
.955 1.06 ± 0.09 0.89 0.910
.654 0.28 ± 0.06 0.20 0.613
.892 0.85 0.07 0.20 0.905
Fig. 4. Correlation curves for the 3-Factor PLSR-based pedo-informatic functions predicting the soil sorption KD values for (A) TNT and (B) RDX to the chemical and physical
properties of the taxonomically distinct soils selected for this study.
Table 2
Fitting statistics for the linear regression model predicting the sorption distribution
coefﬁcients (KD-TNT and KD-RDX) for TNT and RDX for the taxonomically distinct soils
used in this study.
Parameter Factor model KD-TNT KD-RDX
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values for TNT and RDX to those predicted by the three-factor PLSR
model (Fig. 4) showed a strong linear relationship, suggesting that
sorption afﬁnity values were predictable based on the different soil
types used in this study. The correlation of TNT sorption with the
soil properties showed a high coefﬁcient of determination
(R2 ¼ 0.980) at three factors (Table 2). The R2 and root mean square
error (RMSE) values for TNT were relatively unaffected by the
number of factors in the model, attesting to the robustness of the
correlation. However, we observed a noticeable decrease in the R2
(from 0.9926 to 0.5723) and corresponding increase in the RMSE
(from 0.0299 to 0.2280) for the RDX sorption model when
decreasing the number of factors from 3 to 1. This suggested that
the correlation between geochemical properties and KD-RDX was
more uncertain in the combined model for TNT and RDX sorption,
being largely overshadowed by the correlationmodel for TNT. Thus,
conducting PLSR analysis with only KD-RDX gave a 3-factor model
Fig. 5. X and Y loading plots showing the distribution of samples in reduced space in Factors 1e3 (representing 98% of the explained variance in the data) from PLSR correlation
models for the soil sorption KD values of TNT and RDX to the chemical and physical properties of the taxonomically distinct soils selected for this study. Here, loadings are rep-
resented in cubic form by mentally rotating the principal axes. Starting from (B), (A) represents a 90 rotation along the y-axis (Factor 3), while (C) represents a 90 rotation along the
x-axis.
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combined model. It is important to note that the strong covariance
among the variables gives way to good regression models even
with a low number of samples. It can be expected that statistical
improvements in the TNTand RDX sorption models will result from
increasing the number of samples and thus, the degrees of freedom
of the analysis.
Statistical correlations between soil attributes and the sorption
KD values for TNT and RDXwere demonstrated from the clustering
of their x-and y-loadings (Fig. 5). Overall, soil attribute clustering
from the PLSR seemed similar to that calculated from PCA (note
that the loading matrix was rotated, but the relative projection
angles among the soil attributes were unchanged). The KD-TNT
response attribute positively loaded in Factors 1e2. Rotating theaxes of the loadings map (Fig. 5AeC) showed that KD-TNT remained
clustered with many of the alkaline properties. The KD-RDX
response attribute (positively loaded in Factor 1 but negatively
loaded in Factor 2) clustered with attributes commonly (and
intuitively) associated with soil fertility (implying the existence of
an endogenous soil fertility attribute), such as soil NH4-N con-
centration as well as ion exchange capacity-related properties
(CEC, PBCNH4, %clay, %silt). Overlaying the score and loading (x and
y) vector maps obtained from the PLSR (Fig. 6) showed that the
Bonneville Salt Flats soils were correlated with KD-TNT while KD-
RDX was more correlated with the Mollisols Catlin and Sunev.
Using the Martens stability tests for parameter uncertainty
and stability, we calculated the following reduced-parameter
models: For TNT sorption, the weighted regression equation
Fig. 6. Score plots showing the distribution of samples in reduced space from PLSR correlation models for the soil sorption KD values of TNT and RDX to the chemical and physical
properties of the taxonomically distinct soils selected for this study. Here, loadings are represented in cubic form by mentally rotating the principal axes. Starting from (B), (A)
represents a 90 rotation along the y-axis (Factor 3), while (C) represents a 90 rotation along the x-axis.
C.K. Katseanes et al. / Journal of Environmental Management 182 (2016) 101e110108was 10 (^KD-TNT) ¼ 10 (^1.1323 þ 0.0619*K þ 0.0581*Ca þ
0.0389*Na þ 0.0530* %CaCO3); for RDX sorption, 10 (^KD-
RDX) ¼ 10 (^0.5722 þ 0.098*PBCNH4 þ 0.1182*CEC). It is of
particular interest that the statistically most important parame-
ters for describing TNT and RDX sorption do not include %OM,
which is commonly used to predict the sorption of these com-
pounds. For TNT, this result is consistent with our previous
conclusions obtained from a review of the available scientiﬁc
literature (Chappell, 2011; Chappell et al., 2011).
This study shows how soil attribute datasets can be modeled
using multivariate dimension reduction techniques, not only to
distinguish soil types by their characterization properties, but also
by their behavior. Thus, we articulate the basis for developing more
extensive models for predicting complex biogeochemical behavior
(beyond sorption) in soils based on soil type e a capability thatcurrently does not exist. The value of this work is showing that the
statistically signiﬁcant but reduced sets of soil properties can be
used to predict TNT and RDX sorption on site-speciﬁc soils assuming
that the soil falls within the span of the calibration sete a particular
challenge in itself given that soils are deﬁned in many different
ways, such as with respect to landscape position, overlying vege-
tation, and climate. In our view, PLSR classmodels developedwithin
the framework of pedomorphological soil classiﬁcation systems,
such as NRCS or UNESCO classiﬁcation systems, should serve to
better constrain the predictions of soil behavior. In theory, a site
manager can calculate the appropriate TNT and RDX sorption con-
stants to be used in environmental fate calculations based solely on
a knowledge of the soil taxonomy of the site of interest. We refer to
this approach as Pedo-Informatics for the combination of soil clas-
siﬁcation hierarchies and multivariate statistical techniques.
C.K. Katseanes et al. / Journal of Environmental Management 182 (2016) 101e110 109Further research is underway to explore the development of
multivariate prediction models controlling even more complex
descriptions of contaminant behavior in different soil types, such as
the biodegradation rate of TNT and RDX. A kinetic function, pre-
dicting biodegradation rate vs. soil type, could be potentially
substituted into the single, ﬁrst-order kinetic rate constant used in
common environmental fate models (Mackay, 2001) used for
managing contaminants.
Although the dataset was small, it is important to emphasize
that the strong covariance existing within the soil attribute data
contributed to a robust latent structure. the data's apparently
strong covariance among variables provided the structural basis by
which to correlate TNTand RDX sorption afﬁnities. We theorize this
approach may provide a reasonable basis for developing predictive
models for other soil-related processes, such as biodegradation,
geochemical cycling, and contaminant persistence. Furthermore,
we theorize that prediction models may be developed across more
pedomorphically diverse soil types. Current geospatial models rely
on simple univariate soil parameters, such as texture or organic
matter, which provide nothing more than arbitrary distinctions
among soils. It is ironic that the current, well-developed soil
taxonomic systems, which provides very detailed basis for dis-
tinguishing soils, are rarely used (if ever) to predict solute behavior
in soil. It is our opinion that improved pedomorphically distinctive
predictive models can be developed based on multivariate soil
geophysical, geochemical, and biochemical properties.
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